■ INTRODUCTION
Aquaculture is a fast-growing industry, currently providing >30% of the fish used for human consumption. A major obstacle in the production of fish in aquaculture is to ensure continued access to high-quality fish feed. Fish meal has traditionally been the main protein source in fish feed, but is now in short supply, resulting in reduced availability and rising prices. Considerable commercial interest has therefore focused on developing new types of fish feed in which the inclusion of fish meal is reduced by adding alternative sources of protein. In fish feed for rainbow trout alternative diets have included substitution of fish meal with soybean meal, 1,2 pea meal, 3 corn products, 4 and animal byproducts such as blood meal, bone meal, and feather meal. 5 However, changing the protein source from fish meal to alternative sources of protein can affect growth 1,3−5 and feed utilization and digestibility. 2,6 Changing protein sources not only influences growth and feed utilization but also a changed quality of the fish as reflected in differences in the sensory evaluation has been found.
7, 8 The origin of differences in quality between fish fed different types of feed formulations, however, remains to be established. Tests of digestibility and effects of differences in feed formulation on growth and quality are normally performed by in vivo fish trials, but such trials are time-consuming and expensive, 9 and attempts has been made to develop quick in vitro digestive methods simulating fish digestion. 9−11 Therefore, a new approach for developing new types of fish feed could be to investigate the physiological impact the feed has on the fish and correlate this information to growth and quality. When feed enters the gastrointestinal system, the pyloric ceca (PC) (accounting for 70% of the gut) is after the stomach the first organ in contact with the feed. When the feed is changed, the PC is therefore challenged and has to adapt to handle the new feed components. Such adaptations include morphological changes such as enteritis of the intestine 2, 12 or changes in activity and levels of selected enzymes including amylase and maltase within the gut. 13−15 One way to study feed-induced adaptations of a fish is to analyze the protein composition of a tissue by proteome analysis. Using proteome analysis based on two-dimensional gel electrophoresis (2-DE) it has been already established that changing the protein source in fish feed will alter the protein expression of the liver of rainbow trout 16, 17 (reviewed in ref 18 ). The present study was initiated to investigate if a proteomic methodology will be able to reveal changes in protein profiles in PCs from rainbow trout, which were fed diets in which the included protein originated from different sources. As such, proteome analysis could be used as a methodology to elucidate if changes in feed utilization, fish growth, and the quality of the fish can originate from or be mirrored by differences in the protein composition of the gut. The workflow included extraction of proteins from the PC and separation by 2-DE followed by identification of proteins using mass spectrometry.
were kept in tanks with recirculated water at a temperature of 8.6 ± 0.7°C
. Each tank was 1.1 m × 1.1 m with a 0.45 m water level and contained between 104 and 107 fish. The fish were exposed to light from 8 a.m. to 10 p.m. during the whole period. The groups were fed five different experimental feeds supplied by the Danish fish feed producer Aller Aqua. The feeds were produced by a standardized extrusion process and contained various ratios and amounts of fish meal, pea protein, and blood meal ( Table 1) . The amino acid profiles of the five feed formulations are found in the Supporting Information. Blood meal and pea protein are used in commercial feeds, and the impacts of these protein sources are therefore relevant in relation to commercial aquaculture. The groups were fed five different feeds (Aller Aqua) containing various types and ratios of marine and vegetable protein sources (Table 1) . The fish were fed daily at 1.3% of their biomass with feed automats. The amount of feed was regulated from an assumption of a feed conversion of 0.9. At day 0 PC from 10 fish were sampled; 4 were used for proteome analysis. After 72 days, PC from 3 fish from each feed code were sampled for proteome analysis. The average weights of the fish at days 0 and 72 are shown in Figure 1 . Before sampling, the fish were starved for 48 h, allowing the stomach, PC, and intestine to be emptied. The fish were killed by keeping them in water with an overdose of ethyl 3-aminobenzoate methanesulfonate for approximately 5 min. Immediately after the fish were killed, the belly was cut open with scissors and the viscera were quickly taken out. The PC were removed and immediately frozen in liquid nitrogen and stored at −80°C until further analysis.
The 19 Dry matter was analyzed according to NMKL 23 (1991) . Carbohydrate including crude fibers was estimated as N-free extract = dry matter − protein − lipid − ash.
Extraction of Digestive Enzymes and Proteins from the Pyloric Ceca. Digestive enzymes and proteins were obtained by passive extraction after the method given in ref 10 . The extraction procedure was modified so whole PC (weight ranging from 3.3 to 10.6 g) was gently shaken in 10 volumes of water at 2°C for 24 h. After extraction, tissue was removed, and the crude extract was centrifuged in 15 min at 3500g at 5°C. The supernatant was stored at −80°C until further analysis.
2D-SDS-PAGE. On the basis of Lowry protein determination 20 using a Shimadzu UV 160 spectrophotometer (GMI), crude extract containing 386 μg of protein dissolved in 450 μL of buffer containing 1 mM EDTA and 50 mM Tris base, pH 7.4, was mixed with 3.3 volumes of 65% TCA. After precipitation, the sample was centrifuged at 15000g at 4°C for 15 min. The pellet was washed twice in 1 mL of −20°C cold acetone, and after drying, the pellet containing 386 μg of protein was solubilized in 450 μL of reswelling buffer (8 M urea, 2 M thiourea, 50 mM DTT, 1.5% CHAPS, 2% Pharmalyt 5-8 (Amersham Biosciences), 10 mM trizmabase, and 0.1% SDS) with Orange G as dye. From the reswelling buffer 350 μL was added to 18 cm 1-D immobiline drystrip (pI 4−7, Amersham Biosciences) corresponding to 300 μg protein/drystrip. After reswelling overnight, proteins were separated according to the pI by submitting the drystrips to 60000 Vh, after which they were stored at −80°C. The size separation in the first and second dimensions is described elsewhere. 21 In short, prior to separation in the first dimension on a Multiphor II (Amersham Biosciences) the 1-D drystrips were reduced for 20 min in 10 mL of equilibration buffer (6 M urea, 50 mM Tris-HCl, pH 8.8, 30% v/v glycerol, 2% w/v SDS) with 1% w/v DTT followed by 20 min of alkylation in 10 mL of equilibration buffer with 4.5% w/v iodoacetamide. Separation in the second dimension was achieved on a 12% w/v SDS-PAGE 22 in a Hoefer Dalt system (Amersham Biosciences) running 10 gels at a time at 15°C with a maximum of 40 mA/gel. The 2-D gels were colloidal Coomassie stained. 23 Image Analysis. The imaging system Camilla II (Raytest, Germany) was used for digitizing the colloidal Coomassie stained gels. Camera exposure time was set at 200 ms, and the focus light was turned on. Visualization was optimized by applying flat-and geometric-correction; however, no lens correction was necessary. The color setting was gray scale, and gain was set at 200. Pictures were saved in TIFF format, with a pixel size of 100 μm and a number format of 16 bit low with no compression.
TIFF files were exported to Progenesis SameSpots (version 3.2, Nonlinear Dynamics, Newcastle, UK) for image analysis. The alignments were predominantly based on the automatic generation of vectors within the software. All automatically generated vectors were manually verified. Additional vectors were manually added to a few selected prominent spots on each of the 15 gels. Gel images were warped to a selected master gel based on all vectors, after which spot detection was performed on all gels. The position of the detected spots on all 15 gels was assigned to the master gel creating a complete spot map. All spots on the map were manually edited to remove possible artifacts, and only well-defined and clearly distinguished spots were included in the final data set.
Data Analysis. For data analysis the spot volumes were normalized using the algorithm within Progenesis SameSpots. The univariate data analysis was performed as one-way ANOVA (p < 0.05) on each spot individually, followed by the post hoc Tukey test analysis (p < 0.05). In addition to this univariate spot by spot comparison using ANOVA, a multivariate linear discrimination analysis, partial least-squares (PLS) regression, was used to find complex differences between two groups. The commercial software The Unscrambler (version 9.1, Camo, Oslo, Norway) was used for this. In brief, the normalized spot volumes constituted the columns in the data matrix (X-matrix) with the rows representing the samples, and the X-matrix columns were group scaled 24 before calculation. The Y-vector of the regression contained indicator variables (0 or 1) for the groups to be compared. The spots that individually or in combination with other spots varied in amount between groups were selected by a modified jack-knife method (included in the PLS regression analysis) for the estimation of parameter uncertainty in PLS regression. 25 The regression models were validated by full cross-validation, and spots with regression coefficients significantly (p < 0.05) different from 0 were selected and then analyzed by a new PLS regression. This procedure was repeated until the model was optimal (the highest correlation coefficient of the predicted versus known Y), and the spots in this model were considered to differ significantly between the two groups in question. Principal component analysis (PCA) was used for visualization of overall data variation.
Tryptic Digest. Protein spots visualized by colloidal Coomassie staining were excised from the gel, transferred to 1.5 mL eppendorf microcentrifuge tubes, and rinsed with 200 μL of ultrapure water for 10 min. After two washes in 50% acetonitrile/25 mM NH 4 CO 3 , the gel pieces were shrunk by adding 30 μL of 100% acetonitrile and subsequently dried in a vacuum centrifuge. The gel pieces were then swollen in a digestion buffer, 50 mM NH 4 CO 3 , 12.5 ng/μL trypsin (Promega, Madison, WI, USA; modified, sequencing grade) in an icecold water bath. After 45 min, the supernatant was removed and replaced with 30 μL of 50 mM NH 4 CO 3 buffer. Enzymatic cleavage was performed overnight at 37°C.
Mass Spectrometry. The mass spectrometer was operated in positive ion mode with a resolution of 9000 at full-width halfmaximum using a source temperature of 80°C and a nitrogen countercurrent flow rate of approximately 60 L/h. MS analyses were performed using 2 s scans. Instrument settings for data-dependent analysis were performed using the three most abundant ions in each cycle MS 2 sec (m/z 300−1500) and maximum 10 sec MS/MS (50− 2000), 60 s dynamic exclusion. Processing of raw data was done using external calibration with fragment ions of glufibronectin resulting in mass errors of typically 10−20 ppm in the m/z range 50−2000. Raw data were processed using ProteinLynx Global Server 2.0 (smooth 4/2 Savitzky Golay, center four channels/80% centroid). The resulting MS/MS data set was exported in MicroMass pkl format for automated peptide identification using an in-house MASCOT server (version 2.1.3) (Matrix Sciences, London, UK) or using GPMAW software (version 7.01) from Lighthouse data. Searches were performed against the NCBI nonredundant database with the following search criteria: tryptic peptides, one missed cleavage allowed; ±50 ppm tolerance for MS and 0.2 Da for MS/MS fragment ions; oxidation of methionine, deamidation of asparagines and glutamine, and carbamidomethylation of cysteine were specified as variable modifications.
■ RESULTS Two-Dimensional Gel Electrophoresis. In this study differences in protein expression in the PC from rainbow trout were investigated in response to five different types of feed (Table 1) for 72 days. Proteins were extracted from the PC as a crude extract and were separated on 2-D gels (Figure 2) , resulting in 440 different spots being visualized by colloidal Coomassie staining. The spots included in the data set covered a molecular weight of 10−120 kDa and a pI range of 4−7. To visualize the variation in the data, a PCA including all 440 spots was performed. The projection of the samples onto the first two principal components accounting for 33% of the variation in the samples is shown in Figure 3 . It is evident from Figure 3 that samples from the same feeding group are positioned close together with the exception of one sample feeding group D. This indicates that the proteome variation between feeding groups exceeded the variation within the feeding groups. Additionally, it can be seen in Figure 3 that the variation shown in this plot correlates with the feed content of fish meal with the highest content in the lower left part of the plot and a decreasing content toward the upper right. The differences in protein expression between the five feeding groups were established using ANOVA, by which each spot was analyzed individually. Using the ANOVA analysis 22 spots that were differently expressed in response to the five different feeds were found (Table 2) . To find more complex protein expression patterns comprising more spots, which in combination differentiate between the feeding groups, multivariate data analysis was used. Thus, five PLS regression analyses were performed to establish models able to differentiate the feeding groups one by one from the four others (Table 2) . By this procedure PLS regression models differentiating feeding groups A, B, and E from the remaining groups, respectively, were established, whereas such models could not be established for feeding groups C and D. For feeding groups A, B, and E the unique protein expression profiles consisted of 13, 10, and 4 spots, respectively. Two spots were included in two models (groups A and B); thus, in total 25 different spots (Table 2) were found by the multivariate approach. The cross-validation showed that all three models were able to discriminate 100% between the groups in question. It was not possible to establish PLS regression models differentiating feeding group C or D from the remaining groups.
MS/MS. Proteins affected by the different types of feed were localized on preparative gels and their identification was attempted by LC-MS/MS, resulting in the positive identification of 31 named proteins. Identifications were based on peptide fragmentation, and in most cases two or more fragmented peptides were used for protein identification: in the cases when only one peptide was used for identification, manual de novo sequencing of the peptide agreed with the sequence found in the Mascot database search (Table 3) . Serum albumin precursor was by far the most abundant, being represented in 11 different spots, but also a number of enzymes such as trypsinogen, carboxylic ester hydrolase maltaseglucoamylase, and aminopeptidase were identified. In the case of three protein spots identification was unsuccessful most likely due to low protein amount or unknown proteins not present in the database.
■ DISCUSSION
It is evident that different compositions of fish feed will influence growth, health, feed utilization, and also quality of rainbow trout.
6,26−28 Therefore, to obtain maximal weight gain and optimal quality, even small differences in feed composition can be important. Normally, the effects of different feed compositions are evaluated on the basis of the degree of digestibility, utilization, and sensory evaluation. The purpose of this investigation was to elucidate if proteome analysis could provide knowledge on how the differences in fish feed are reflected in the protein composition of the gut. This could help explain if the differences seen in quality and growth originate from changes in the protein composition and thereby feed uptake of the gut as represented by the PC.
Implication of the Used Method. The main challenge in the introduction of a proteomic approach is to ensure that the obtained results are correct and reproducible. When 2-DE gel electrophoresis is run, a cause of concern is that very abundant proteins can hide less abundant proteins. The problem arose in this investigation because the excessive amounts of proteins originating from the fish feed would hide proteins originating from the gut. To address this problem, the fish were starved prior to sampling to remove proteins originating from the fish feed. A number of studies have investigated the effects of starvation on enzyme activity in fish gut. 27, 29, 30 In rainbow trout 5 days of starvation increases the protease activity, whereas amylase activities are decreased. 31 In PC of the Atlantic salmon the protein/tissue ratio remains constant but there is observed a slight decrease in total protein amount. 30 Therefore, a short period of starvation prior to sampling represents a suitable approach, which still allows for a correct reproduction of protein composition of the PC in rainbow trout during feeding.
Effects of Feed Composition. From Figure 3 it is clear that the differences in feed composition also affect the protein composition of the PC. This means that the five different types of fish feed could successfully be distinguished on the basis of differences in protein expression obtained using a proteomic methodology. Table 3 provides the identity of the proteins, and it is clear that a large variety of different proteins were changing in abundance in response to the different types of feed. Compared to salmon, the trout seems to be more prone to adaptation, indicated by its increased ability to gain weight compared to salmon when fed a fish meal and a fish meal/ soybean meal based diet.
2 Previous studies investigating feed utilization in rainbow trout show that the trout is very capable of sustaining a high degree of feed utilization in terms of digestibility and growth when different compositions of feed are used. 14, 32 On the basis of this investigation some of this flexibility could originate from the capability of the trout to alter the protein composition of the gut, leading to an optimized digestibility when feed composition is changed. This means that even fish feed with suboptimal compositions could be utilized in a near-optimal way by the trout. One of the most important components of the fish feed is fish meal. This is a problem largely because it is an expensive protein source but also because it is increasingly becoming in short supply. On the basis of Figure 3 it is clear that the amount of fish meal was clearly reflected in the protein expression profiles. This means that besides the differences shown in Figure 3 , fish meal as a single ingredient will also result in specific adaptations of PC. This is very interesting considering the great interest there is in replacing fish meal with alternative sources of proteins.
3,4 From the current investigation it seems that even though differences in the percentage of included fish meal were not reflected in the growth rate, it would, however, lead to specific adaptation within the gut.
Enzymes. Enzymes normally associated with fish gut were differently expressed in response to the different formulations of fish feed (Table 2) . Trypsin belongs to the serine protease family and is one of the major digestive enzymes. The activity and yield of the enzyme have been characterized in PC from rainbow trout, 33 and it shows that the activity and amount are altered by differences in feed composition. In the present study trypsinogen, the precursor for active trypsin, was found to be regulated in response to the differences in feed composition. Another enzyme that was differently expressed is aminopeptidase. This enzyme plays an essential role in the absorption of dietary proteins, 34 but interestingly it is also involved in the digestion of products from trypsin, which are then transported into the intestinal cells. 35 The regulation of these two proteins therefore could indicate a coordinated enzymatic change in response to a change in feed composition. In this study we have not measured the enzyme activity, and the impact of the different types of fish feed on enzyme activity therefore remains inconclusive. However, the observation that enzymes such as trypsin, carboxylic ester hydrolase, and aminopeptidase were regulated on the protein level provides a starting point for further investigation.
Journal of Agricultural and Food Chemistry
Serum Albumin. Another important change following feed intake is the fact that digestion and absorption in the gut will result in increased gastrointestinal blood flow. 36, 37 However, it is still not fully clear if and to what extent different compositions of feeds will elicit different postprandial gastrointestinal blood flow, even though differences in blood flow have been shown in rainbow trout. 38 Serum albumin is one of the most dominant proteins of blood plasma in trout 39 and was, in this study, the protein most affected by the differences in feed composition (Table 2 ). In a number of studies it has been demonstrated that gastrointestinal blood flow increases after feeding in fish. 37, 40, 41 Investigating the effect of proteins and lipids, Seth et al. found that individual nutritional components a Protein spots that differed in protein abundance among the five different feed formulations were established using ANOVA and PLSR. Following the ANOVA Tukey's multiple-comparison test was applied to establish which feed formulations differed significantly. These are highlighted in bold; within each spot feed codes marked "a" differ significantly from feed codes marked "b", whereas feed codes marked "ab" do not differ significantly from any other feed. Within the PLS analysis feed protein spots used to differentiate between the feeding groups are highlighted in bold and have no letter. can have different effects on gut blood flow. 38 In addition, fatty acid binding protein was also found to be regulated in this study (Table 2) . Playing an important role in fatty acid trafficking and metabolism in the gut, 42, 43 its regulation is interesting and again shows the influence of fish feed on cellular mechanism within the PC. The observed difference in serum albumin among the five groups might therefore be a result of the different feed compositions eliciting different degrees of blood flow to the PC. An important consideration regarding the method is obviously that during the extraction of proteins different amounts of blood would be included in the sample, which could explain the dominance of serum albumin. However, the clear separation of the five groups in Figure 3 based on the PCA would not be possible if the amount of serum was random. This leads to the conclusion that the changes in serum albumin were a functional response to the differences in feed composition.
Concluding Remarks. We successfully used a proteomic methodology to investigate the effect of changing the origin of protein in fish feed from fish meal based feed types to feed types with lowered levels of fish meal.
Using this presented workflow, proteins were extracted from the PC of rainbow trout and subsequently separated using 2-DE. Although this study included only a limited number of samples, it has clearly demonstrated that changes in the fish feed composition resulted in protein changes in the PC of rainbow trout. This could be the result of important feedrelated adaptations reflecting growth rate and/or quality aspects. Further studies should reveal if differences in growth rate and quality between fish fed diets of different compositions can be mirrored by such changes in protein composition of the fish gut, thus making proteome analysis of PC a relevant tool in the development of new feed formulations. The scores obtained by searching the MS/MS data sets in the nrNCBI database using the Mascot search engine. The score for a MS/MS match is based on the absolute probability (p) that the observed match between the experimental data and the database sequence is a random event. Individual ion scores >40 indicate identity or extensive homology (p < 0.05).
e Protein identification resulted in the identification of unnamed protein. The obtained sequence was then used for a blast search (e value is given for chosen protein) by the NCBI BLAST service (http://blast.ncbi. nlm.nih.gov) against the complete database, and an annotated homologue was chosen as the representative. 

